



Doctoral Dissertations University of Connecticut Graduate School
4-25-2019
Coercing Magnetism into Diamagnetic Ceramics:
A Case Study in Alumina
Erik Nykwest
University of Connecticut - Storrs, erik.nykwest@uconn.edu
Follow this and additional works at: https://opencommons.uconn.edu/dissertations
Recommended Citation
Nykwest, Erik, "Coercing Magnetism into Diamagnetic Ceramics: A Case Study in Alumina" (2019). Doctoral Dissertations. 2136.
https://opencommons.uconn.edu/dissertations/2136
Coercing Magnetism into Diamagnetic Ceramics: A Case Study in Alumina
Erik Carl Nykwest, Ph.D.
University of Connecticut, 2019
Ceramics are very diverse class of materials whose properties can vary greatly. It is this diversity that make
ceramics so useful in advanced technology. The relatively open crystal structure of ceramics makes it pos-
sible to impart functionalities via judicious doping. This work focuses on developing a generalized method
for introducing magnetism into normally non-magnetic (diamagnetic) ceramics, using the example case of
alumina (Al2O3).Here, substitutional doping of Al atoms with 3d transition metal in α- and θ-alumina was
studied. Density functional theory was used to predict the structural, electronic, and magnetic properties of
doped alumina, as well as its stability. The results show that adding small concentrations of transition metals
to alumina may increase magnetic activity by generating unpaired electrons whose net magnetic moments
may couple with external magnetic fields. The dopant species and dopant coordination environment are the
most important factors in determining the spin density distribution (localized or delocalized from the dopant
atom) and net magnetic moment, which strongly direct the ability of the doped alumina to couple with an ex-
ternal field. Our findings show conclusively that significant spin delocalization can only occur in α-alumina
when there are unpaired electrons in the transition metal eg states. Similar coordination environments in dif-
ferent phases produce similar spin densities and magnetic moments, indicating that the results presented in
this work may be generalizable to the other five or more metastable phases of alumina not studied here.The
results of our slab studies indicate that if originally introduced into the bulk all of the dopant except for Fe
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and Co will remain there, or diffuse further into the bulk. This work serves as a template for determining
promising dopants that may induce magnetism in other diamagnetic ceramics. Such doping may aid in the
creation of an advanced, high strength, chemically resistant, dilute magnetic semiconductor oxides for use in
advanced systems for spintronics or magnetic qubit systems, and decrease the difficulty of magnetoforming
the gain structure of such diamagnetic ceramics.
Coercing Magnetism into Diamagnetic Ceramics: A Case Study in Alumina
Erik Carl Nykwest
B.S. Physics, Pace University, 2011
B.S. Mathematics, Pace University, 2011
M.S. Physics, University of Connecticut, 2013
A Dissertation
Submitted in Partial Fulfillment of the











Doctor of Philosophy Dissertation
Coercing Magnetism into Diamagnetic Ceramics: A Case Study in Alumina
Presented by










Dedicated to my beautiful wife Julie and our daughter Avery.
"I wish I could have five lives!
Then I could have been born in five different towns,
eaten five lifetime’s worth of food,
had five different careers,
and... fallen in love with the same person, five times."[1]
iv
ACKNOWLEDGEMENTS
I want to extend a sincere thank you to everyone who played a role in this momentous task. I would have
never be able to do this if it wasn’t for the support of my advisors, colleagues, friends, family, and the US
tax payers.
Erik was supported in part by an appointment to the Internship/Research Program at the Army Research
Laboratory, administered by the Oak Ridge Institute for Science and Education, a DoD Cooperative Agree-
ment #W911NF-14-2-0059 for ’DFT Investigation of Doped Alumina’, and a grant of computer time from
the DoD High Performance Computing Modernization Program.
Now that that is out of the way... Everyone at the Army Research Lab who took me under their wing and
mentored me, especially Krista, Ray, Jan, and Chris. Each of you help shape and facilitate this project in
your own special way and I am sincerely grateful for you help. The Physics, IMS, and IPB office staff,
especially Micki Bellamy, for keeping me on schedule and helping me dot all my ı’s and cross my t’s, and
my co-advisors Jason and Robin. Thank you for taking the time to mentor me and deal with all of the bu-
reaucracy that comes with being an advisor. My research group, Sanjeev, Sanjubala, Uche, Kevin, Thomas,
Thomas, and of course Pamir. Thank you Pamir for taking me under your wing and helping me through the
final stretch of my research. I cannot over state how much of a positive impact you have made on both me
and my work. My old research group, Rampi, Chiho, Huan, Sridevi, Arun, Lihua, Rohit, and Venkatesh.
Each of you helped me to develop as a computational physicist and it is because of you guys that I have
strong understanding of DFT. Finally, I want to thank my beautiful wife Julie for all of her support during
this process, as well as my in-laws, my parents, and my #McFam. You know who you are ;)
v
TABLE OF CONTENTS
1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
2. Methodology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
2.1 System Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
2.1.1 Bulk Alumina . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
2.1.2 Slab Alumina . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
2.2 Energetic Stability . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
2.2.1 Cohesive Energy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
2.2.2 Decomposition Energy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
2.2.3 Defect Formation Energy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
2.2.4 Relative Defect Formation Energy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
2.2.5 Additional Slab Energy Metrics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
3. Electronic Structure Theory . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
4. Density Functional Theory . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
4.1 The Kohn-Sham Equation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
4.2 Approximations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
4.2.1 Exchange-Correlation Functionals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
4.2.2 Bloch Waves . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
4.2.3 Pseudopotentials and the Frozen Core Approximation . . . . . . . . . . . . . . . . . . . . . . 18
4.3 Computational Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
vi
5. Preliminary Results - Bulk Doping of α- and θ-Alumina . . . . . . . . . . . . . . . . . . . . . 21
5.1 Pure Alumina . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
5.2 The Structure of Doped Alumina . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
5.3 Magnetism in Doped Alumina . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
5.4 Energetic Stability . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
5.4.1 Cohesive Energy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
5.4.2 Decomposition Energy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
5.5 Summary of Preliminary Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
6. Additional Dopants in α-Alumina . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
6.1 Doped Alumina Structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
6.2 Defect Formation Energy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
6.3 Magnetic Moment and Spin Density . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
6.4 Density of States . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42
6.5 Partial Spin Density . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
6.6 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49
7. Dopant Segregation in α-Alumina Slabs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
7.1 Relative Defect Formation Energy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
8. Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
vii
LIST OF FIGURES
2.1 Unit Cell of (a) α-alumina and (b) θ-alumina. The larger (Blue) atoms are Al and the smaller
(Red) are O. Figure reproduced from reference 2. . . . . . . . . . . . . . . . . . . . . . . . 5
2.2 Five trilayer slab unit cell of α-alumina. The larger (Blue) atoms are Al and the smaller (Red)
are O. The unique substitutional Al doping sites have been labeled 1-5 where 1 is surface
like and 5 is bulk like. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
5.1 The spin density 1.5 × 10−3 μB Å
−3
isosurfaces for (a) Cr, (b) Fe, (c) Ni, and (d) Cu doped α-
alumina in a octahedrally coordinated site, (e) as well as an Al vacancy. The larger (Blue)
atoms are Al, the smaller (Red) atoms are O, and the remaining atom is the dopant. In the
case of an Al vacancy the host Al site is shown as a grey atom. Yellow represents the up
(majority) spin isosurfaces, aquamarine represents down (minority) spin isosurfaces. Some
Al and O atoms were removed from the super cell to increase visibility. Figure reproduced
from reference 2. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
5.2 The spin density 1.5 × 10−3 μB Å
−3
isosurfaces for (a) Cr, (b) Fe, (c) Ni, and (d) Cu doped θ-
alumina in a tetrahedrally coordinated site, (e) as well as an Al vacancy. The larger (Blue)
atoms are Al, the smaller (Red) atoms are O, and the remaining atom is the dopant. In the
case of an Al vacancy the host Al site is shown as a grey atom. Yellow represents the up
(majority) spin isosurfaces, aquamarine represents down (minority) spin isosurfaces. Some
Al and/or O atoms were removed from the super cell to increase visibility. Figure reproduced
from reference 2. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
viii
6.1 A categorical scatter plot of density functional theory calculated defect formation energies (or-
ange circles) for transition metal doped α-alumina. The Al Vac and Al columns represent
undoped α-alumina with and without and an Al vacancy respectively. Figure reproduced
from reference 3. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
6.2 The spin density 1.5 × 10−3 μB Å
−3
isosurfaces for (a) Sc, (b) Ti, (c) V, (d) Mn, and (e) Co
doped α-alumina and an Al vacancy. The larger (Blue) atoms are Al, the smaller (Red)
atoms are O, and the remaining atom is the dopant. Yellow represents the up (majority) spin
isosurfaces, aquamarine represents down (minority) spin isosurfaces. Some Al and O atoms
were removed from the super cell to increase visibility. Figure reproduced from reference 3. 40
6.3 A stacked bar graph where the total height is the total magnetic moment contained on all atoms
in the super cell as a function of dopant species. The Al and Al Vac columns represents
undoped α-alumina, and an Al vacancy in undoped α-alumina respectively. The components
of each bar are the magnetic moment attributed to just the dopant atom (orange), just the
nearest neighbor oxygen atoms (light blue), and the rest of the supercell (all atoms except
the clusters consisting of the dopant and it’s nearest neighbor oxygen atoms, in black). Lack
of a component means the calculated value was less than 1.5 × 10−2 μB. Figure reproduced
from reference 3. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
ix
6.4 The density of states (DOS) of pure and doped α-alumina. The DOS of pure α-alumina has been
shifted so that the Fermi level lies at 0 eV. The DOS of the doped systems have been shifted
so that the valence bands start at the same energy as the pure system. The solid black line
represents the total DOS and matches with the scale to the left of the graph. Values above
zero represent the the spin-up contribution, while negative values represent the spin-down
contribution. Similarly, the blue dotted line represents the dopant d-orbital partial density of
states (PDOS) and matches with the scale on the right of the graph, thus appearing a factor
of 8 times larger. The vertical red dashed line represents the Fermi level. The numbers label
states of similar d-orbital decomposition and pair each spin-up state with a spin-down state
to show the spin splitting. Figure reproduced from reference 3. . . . . . . . . . . . . . . . . 43
6.5 Partial spin density isosurfaces (1.5 × 10−3 μB Å
−3
) for Cr (a-c) and Mn (d-g) doped α-alumina.
The larger (Blue) atoms are Al, the smaller (Red) atoms are O, and the remaining atom is
the dopant. Yellow represents the spin up (majority) isosurface, aquamarine represents the
spin down (minority) isosurface. Some atoms were removed from the supercell to increase
visibility. Figure reproduced from reference 3. . . . . . . . . . . . . . . . . . . . . . . . . 48
x
7.1 Plots of the relative defect formation energy for the doped α-alumina slab. The relative defect
formation energy is shown on the y-axis and the doping site is listed on the x-axis, which
corresponds to the substitutional doping sites shown in figure 2.2. The relative defect for-
mation energy for the deepest bulk like doping site of the slab has been set to zero. Energies
above zero are less stable than bulk-like doping, while energies below zero are more stable.
The "Bulk" column shows the discrepancy between the defect formation energy calculated
from a periodic bulk super cell and bulk-like doping of the infinite slab model. The data
points are connected by straight lines for visual purposes only. Subplot (a) shows the rel-
ative defect formation energy for all of the dopants. Subplot (b) shows the relative defect
formation energy for Cu doping and labels the pseudo force, barrier energy (EB), and segre-
gation energy (ESeg) for Cu. Subplots (c) and (d) show the relative defect formation energy
for Fe and Co doping of the α-alumina slab, respectively. . . . . . . . . . . . . . . . . . . . 52
xi
LIST OF TABLES
5.1 The lattice parameters for the hexagonal unit cell of α-alumina and monoclinic unit cell of
θ-alumina along with the relevant angles. In addition, the volume per formula unit and
volume difference per f.u. between the two phases is also presented. Table reproduced from
reference 2. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
5.2 Structural Properties of TM doped α- and θ-alumina in octahedral and tetrahedral Sites. The
supercell lattice parameters have been scaled to be comparable with the underlying unit cell.
Table reproduced from reference 2. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
5.3 TM-O bond lengths, effective coordination numbers, and bond angle standard deviations of TM
doped α- and θ-Al2O3 in octahedral and tetrahedral sites. Table reproduced from reference
2. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
5.4 Magnetic moments (μB) of different regions of TM doped α- and θ-alumina calculated with
density functional theory (DFT) when doped in octahedral and tetrahedral sites. The non-
cluster magnetic moment is the sum of the magnetic moments on all atoms except for the
dopant and its nearest neighboring oxygen atoms. Table reproduced from reference 2. . . . 26
5.5 Calculated Cohesive and Defect Formation, and Decomposition Energies of TM doped α- and θ-
alumina in octahedral and tetrahedral sites. The Al2O3 and Al2O3:Al Vac columns represent
pure undoped alumina and an Al vacancy, respectively. Table reproduced from reference 2. 30
6.1 Density functional theory calculated structural properties of transition metal doped α-alumina.
The super cell lattice parameters have been scaled down to be comparable to the underlying
hexagonal unit cell. The Al Vac and Al columns represent undoped α-alumina with and
without an aluminum vacancy respectively. Table reproduced from reference 3. . . . . . . . 36
xii
6.2 Density functional theory calculated structural properties of transition metal doped α-alumina.
The super cell lattice parameters have been scaled down to be comparable to the underlying
hexagonal unit cell. The Al Vac and Al columns represent undoped α-alumina with and
without an aluminum vacancy respectively. Table reproduced from reference 3. . . . . . . . 37
7.1 (a) The defect formation energy as predicted by a periodic bulk cell and from the deepest bulk-
like layer of a periodic slab, along with the energy difference. (b) The relative defect for-
mation energy, segregation energy, barrier energy, and pseudo-force for each dopant when




Ceramics are a large class of materials that in general are hard, brittle, insulators that are held together by
ionic bonding.[4] However, beyond that ceramics are very diverse as any given ceramic could be brittle,
durable, opaque, transparent, dense, porous, and even naturally magnetic. It is this diversity of properties
that make ceramics so useful. However, one does not get to pick chose which properties come with a specific
ceramic in it’s defect free state. For example, while magnetite (Fe3O4) is intrinsically magnetic it doesn’t
posses the wear Resistance of corundum (α-Al2O3), 6 vs 9 on the mohs scale, nor does corundum posses
the porosity of it’s metastable polymorph θ-Alumina that is so valuable to catalysis.[5, 6] Accordingly, it
is important to be able to fine tune the properties of ceramics and tailor them to fit the needs of advancing
technology. This work focuses on developing a method for introducing magnetism into normally non-
magnetic (diamagnetic) ceramics using the example case of alumina (Al2O3).
Alumina is a high strength ionic ceramic oxide that is stable at high temperatures with good chemical
and physical resilience making it a useful material in harsh environments.[6, 7] Due to these features, alu-
mina has in the past been used as a catalyst, a laser medium, and transparent ceramic armor, particularly in
its doped form of ruby and sapphire.[6, 8, 9] However, the birefringent nature of the material has limited the
application of polycrystalline alumina optical systems.[10] In addition, alumina only weakly couples with
external magnetic fields as it is diamagnetic.[11]
Strengthening the coupling between alumina and external magnetic fields would allow for the creation
1
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of advanced high strength, chemically resistant, systems for spintronics and magnetic qubit systems.[12] In
addition, research has shown that it is possible to texture alumina with the application of a strong external
magnetic field.[11, 13, 14] However, since alumina is diamagnetic the strength of the fields required are
prohibitive (9T).
The texture of a polycrystalline system is the degree of alignment of the individual crystals. If all
of the crystal grains are aligned in the same direction the material is said to be fully textured and acts as a
single crystal. If the grains are randomly oriented to each other, then the material is said to have a random
texture. [15] The texture of a polycrystalline ceramic can affect a great many of it’s properties including it’s
physical strength (elastic constants and crack propagation), thermal and electrical conductivity, magnetic,
dielectric, piezoelectric, and superconducting properties.[16, 17, 18, 19, 20, 21, 22] Increasing the texture
of transparent ceramics, like alumina, can even increase the real in-line light transmission of the ceramic by
reducing internal reflection and refraction.[10, 11, 14]
Doping alumina in a way that leads to a net magnetic moment via unpaired electrons could strengthen
the coupling between alumina and external magnetic fields. Previous research examining rare earth doped
alumina concluded that lanthanide doping may significantly affect the processing of alumina in the presence
of a magnetic field.[23] This work focuses on period four 3d transition metal (TM) doped alumina because
3d transition metals typically have large magnetic moments, are of a similar radius to Al, and are typically
more cost efficient to obtain than rare earth elements. In addition, work by Anderson et al., which included
some transition metals, concluded that doping did not significantly affect the physical properties of alumina,
thereby preserving its wear resistance and ability to be used for armor applications.[24]
This work was completed in three parts. The preliminary work examined bulk α- and θ-alumina
doped with Cr, Fe, Ni, and Cu.[2] The second portion of the work examined bulk α-alumina doped with
Sc, Ti, V, Mn, and Co.[3] The final portion of the work investigated surface doping of α-alumina slabs and
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the tendency of TM dopants (Sc-Cu) to segregate to the surface or diffuse into the bulk.[25] Zn doping was
not considered because the aluminum ions in alumina are in a +3 oxidation state. While Zn3+ theoretically
exists, its occurrence in nature is under debate.[26, 27] As such Zn doping of alumina should be considered
in the context of defect complexes, which are beyond the scope of this work. However, isolated Al vacancies,
without charge compensation, were considered as they are intrinsic point defects that provide a sense of scale





Alumina has multiple metastable phases, all of which transform irreversibly to the α phase at high temper-
atures. This work focuses on the stable α phase as a representative of the phases having an hcp oxygen
sublattice and the metastable θ phase as a representative of the phases having an fcc oxygen sublattice, as
is consistent with previous studies.[6] α-Alumina occurs in the trigonal crystal system R – 3̄c (No. 167) and
the conventional hexagonal unit cell is shown in Figure 2.1a. α-Alumina is typically described as having
an hcp sublattice of oxygen atoms with aluminum atoms occupying two thirds of the interstitial sites.[6] In
addition, each aluminum atom sits in a crystallographically symmetric interstitial site and is octahedrally
coordinated by six oxygen atoms, yielding one unique substitutional doping site. This work utilized 2x2x1
hexagonal super cells of α-alumina, 9.61x9.61x13.12 Å
3
containing 120 atoms, or 24 formula units (f.u.),
to obtain a concentration of Al1.958D0.042O3, where D represents a transition metal dopant.
The θ phase unit cell, shown in figure 2.1b, belongs to the monoclinic crystal system C2/m (No. 12)
and has two nonequivalent substitutional doping sites. Half of the Al atoms are octahedrally coordinated
with their six nearest neighboring oxygen (NNO) atoms, while the other half are tetrahedrally coordinated





Fig. 2.1: Unit Cell of (a) α-alumina and (b) θ-alumina. The larger (Blue) atoms are Al and the smaller (Red)
are O. Figure reproduced from reference 2.
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also containing 120 atoms, to obtain the same dopant concentration as α-aluminaṪhese super cell dimensions
were selected to minimize interaction of the dopant with its periodic image, simulating an isolated dopant,
with larger cells changing the defect formation energy by less than 0.3 meV.[2, 23] The nonequivalent doping
sites were determined using the FindSym program to find the Wyckoff sites.[28]
2.1.2 Slab Alumina
During grain growth, in order to minimize the total free energy, crystals tend to minimize the total surface
area of high energy surfaces and maximize low energy surfaces. The (0001) surface of α-alumina, termi-
nated with a single atomic layer of Al, is both the most stable (lowest energy) and most commonly studied
surface.[29, 30, 31, 32] Along the <0001> direction of the α-alumina unit cell, each layer is comprised either
of a single Al atom, or three O atoms. These layers can be grouped into stoichiometrically balanced trilayers
(Al-3O-Al). From these trilayers α-alumina slabs of arbitrary thickness can be constructed. After extensive
convergence testing it was seen that a slab five trilayers thick (fifteen atomic layers) could accurately rep-
resent both the bulk and the (0001) surface of α-alumina. This surface cut is shown in Figure 2.2. While
the convergence of surface relaxations, bond lengths, and bond angles were all checked with respect to the
slab thickness. Only the quantity most relevant to dopant stability, the defect formation energy, is reported.
Note that while five trilayers is thicker than most surface research regarding α-alumina, most manuscripts
are confined to examining only the surface of alumina (e.g. surface energy and adatoms).[29, 30, 31, 32]
2.2 Energetic Stability
Doping affects not only the phase stability, but also the relative stability between the α and θ phases, po-
tentially impacting the growth of specific phases, the temperature stability range of metastable phases, and
growth on temperature sensitive substrates.[33] Three different energy metrics were considered for bulk
doped alumina: cohesive energy, defect formation energy, and decomposition energy.
7
Fig. 2.2: Five trilayer slab unit cell of α-alumina. The larger (Blue) atoms are Al and the smaller (Red) are








s nsEs) − EDoped
N
, (2.1)
where s spans the different atomic species in the system (e.g. Al, O, Fe, etc.), ns is the number of atoms of
species s in the super cell, Es is the energy of an isolated atom of species s, EDoped is the energy of the bulk
doped alumina super cell, and N is the total number of atoms in the super cell. The cohesive energy is the
energy per atom required to separate the material into individual atoms, neglecting surface energy.
2.2.2 Decomposition Energy
The decomposition energy as defined by Krishnan et al., is a hybridization of the standard metallic reference
and oxide reference formation energies.[34] The decomposition energy per f.u. of the parent compound
is the energy absorbed when a material spontaneously decomposes into any number of possible products




cjEj) − EDoped, (2.2)
where j spans all compounds the parent material could decompose into, Ej is the bulk energy per
f.u. of the possible decomposition products, cj is the amount of decomposition product j produced by the
decomposition in f.u., and EDoped is the bulk energy per f.u. of the parent compound, which in this work is
doped alumina,
Negative decomposition energies mean that the decomposition released energy and suggest that the
parent material is only metastable with respect to the decomposition products and is prone to decomposition.
Positive energies suggest that the parent material is stable compared to the decomposition products and
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resistant to decomposition.
While there are many possible decomposition pathways, the chemical space j of the decomposition
products has been constrained to Al, D, Al2O3, DxOy, O2, where D stands for the lowest energy bulk phase
of the dopant of interest and DxOy is the lowest energy dopant oxide.
For the dopants considered in the preliminary work of this study, D∈{Cr, Fe, Ni, Cu}, the stable oxide
phases considered are DxOy∈{Cr2O3, Fe2O3, NiO, CuO}. For the doped alumina system Al2 – aDaO3 and
the choice of decomposition products, the coefficients cj are subject to stoichiometry preserving constraints
cAl + 2 cAl2O3 = 2 − a,
cD + xcDxOy = a,




Since α-alumina and θ-alumina have the same chemical formula this work adds the additional con-
straint that the decomposition stays in the same phase (i.e. doped α-alumina decomposes into pure α-alumina
and doped θ-alumina decomposes into pure θ-alumina). For the case of a system with an Al vacancy one
can understand the “decomposition” as the process of bulk alumina releasing 1.5 moles of gaseous oxygen
for every 1 mole of Al vacancies it contains in order to return to its proper stoichiometry.
2.2.3 Defect Formation Energy
To examine the energetic consequences of doping alumina, the defect formation energy was calculated. The
defect formation energy (EDef) is the energetic cost of creating a specific defect, such as substituting a TM
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ion for an Al ion, within an existing Al lattice and is calculated with
EDef = (EDoped + EAl) − (EPure + ED), (2.4)
where EDoped is the energy of bulk doped alumina, EAl is the energy of an isolated aluminum atom, EPure
is the energy of bulk pure alumina, and ED is the energy of an isolated dopant atom. The defect formation
energy is a measure of doping difficulty and dopants with lower defect formation energies should be easier
to incorporate into the alumina lattice. When discussed in the context of alumina slabs the defect formation
energy becomes a function of the position (depth) of the dopant in the slab.
2.2.4 Relative Defect Formation Energy
To evaluate the tendency of each dopant to segregate either towards the surface or into the bulk the defect
formation energy EDef(i) was calculated for each dopant at each unique Al substitutional doping site i shown
in figure 2.2. When the dopant is in located in the center of the slab EDef(5) should equal EDef(Bulk) of
the periodic bulk system if the slab is well converged. In addition, the energy difference ΔEDef(i) between
doping sites is equal to the change in the total energy ΔU of the system and thus may be used to determine
the energetically preferred doping depth and the tendency of dopants to segregate to or from the surface.
Since changes in the defect formation energy between doping sites are equal to changes in the total
energy, it is informative to plot the defect formation energy relative to the deepest bulk-like layer of the slab.
This energy is appropriately referred to as the relative defect formation energy (RDFE). If a doping site has
a negative RDFE then the dopant is more stable in that site than the bulk-like site. If the RDFE is positive,
then that doping site is less stable.
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2.2.5 Additional Slab Energy Metrics
In order to analyze the RDFE curves in chapter 7 some additional energy metrics need to be defined. The
first metric is the segregation energy, which is the change in energy when a dopant migrates from the bulk
portion of the slab to the surface.
ESeg−EDef(1)−EDef(5) (2.5)
The second energy metric is a thermodynamic energy barrier.
EB−Max(ESeg) (2.6)
While technically incorrect, it is useful to think of EB as the minimum energy required for a dopant
to segregate to the surface. Formally speaking however EB is a thermodynamic barrier, meaning if the
temperature is low (average kinetic energy of the system << EB) then there is a low probability of the
dopant passing through the barrier, but if the temperature is high (average kinetic energy of the system >>
EB) then there is a high probability that the dopant can pass through the barrier.
The third metric is a pseudo-force that either drives the dopant into the bulk or towards the surface.
It is obtained by applying a line of best fit to RDFE vs Doping Depth plots while excluding the surface
data, EDef(1), and taking the slope. It is defined such that negative values represent pseudo-forces that cause




"Thus on this view we have in the cathode rays matter in a new state, a state in which the
subdivision of matter is carried very much further than in the ordinary gaseous state : a state
in which all matter–that is, matter derived from different sources such as hydrogen, oxygen,
&c.–is of one and the same kind; this matter being the substance from which all the chemical
elements are built up."~J. J. Thomson [35]
Electronic structure theory can trace it’s origin back to back to 1897 when scientist J. J. Thomson
discovered the electron. After that discovery came a number of theories about the electronic structure of
the atom, the plum-pudding model, the Rutherford model, the Bohr model, each one improving on the
last to better fit experimental results.[36, 37] Unfortunately all of these models suffered from the same
misunderstanding, they all assumed that electrons were purely classical particles. Fast forward to 1926 and
Erwin Schrödinger publishes the famous Schrödinger wave equation, where the wave-particle duality of the
electron is captured along with its statistical behavior, the foundation of modern quantum mechanics.[37, 38]
Solving the Schrödinger wave equation leads to quantifiable predictions of both the spacial distri-
bution of electrons and their energy levels in the form of eigenfunctions and their associated eigenvalues.
However, solving the Schrödinger wave equation for systems containing more than one electron is not a
straight forward task. The single electron solutions of Heisenberg and Dirac in 1926 lacked any interaction
between electrons. While the multi-electron solution using Hartree Product, which is essentially separation
of variables, didn’t respect particle exchange.[39, 40] However, the Hartree Method (also known as the self-
conssistent field method) laid the foundation for the use of computers to solve for approximate solutions
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to the Schrödinger wave equation via iterative methods. Soon after, the Hartree method was improved to
include electron exchange energy 1 , thus respecting the Pauli exclusion principle, by using a linear combi-
nation of stationary solutions to the Schrödinger wave equation (Hartree products) via Slater determinants,
but still failed to capture electron correlation 2 .[40, 41] This improved Hartree-Fock(-Slater) method is the
common method to which most modern day methods are compared.
Due to the incorporation of both exchange and correlation energy, most modern post Hartree-Fock
methods, such as Configuration Interaction, Coupled Cluster, and Quantum Monte Carlo, yield significantly
more accurate predictions. Unfortunately, while these modern ab initio methods have higher accuracy than
Hartree-Fock, this usually comes at significant computational expense, limiting the size of the system being
modeled to tens of electrons on modern computing hardware.[42, 43, 44] While this may allow for high
accuracy calculations of molecules and small molecular crystals, this constraint highly restricts their us-
age when modeling defects in bulk materials which may require large simulation cells (>1 nm3) involving
hundreds of electrons. In order to model such systems alternative methods are required, such as empirical
potentials or DFT.
1 Exchange energy comes from the overlap of the wave functions of identical (fermions)bosons that have to be (anti)symmetric
upon particle exchange and explains Hunds’ Rules
2 Correlation energy is a "Catch all" term for the energy difference between the Hartree-Fock predicted energy (which includes
exchange energy) and the actual energy of a system.
Chapter 4
Density Functional Theory
To calculate the properties of the doped alumina this work will make use of DFT, which was originally de-
veloped by Walter Kohn and Pierre Hohenberg in 1964.[45] Walter Kohn would then go on to split the 1998
Nobel Prize in Chemistry with John Pople for the development of the density-functional theory and compu-
tational methods in quantum chemistry, respectively.[46] The Kohn-Sham equation of DFT is derived from
Schrödinger wave equation. The main difference is that DFT moves from the frame of reference of interact-
ing electrons to non-interacting electrons that move on top of an additional external Exchange-Correlation
potential.[47] The benefit of this is that it is significantly less computationally demanding to solve many
uncoupled single electron Kohn-Sham equations than it is to solve the Schrödinger wave equation for many
coupled electrons, or more specifically the number of operations scales better as the number of electrons
increases, O(N2 log N) vs O(N6) for some methods.[43, 48] The cost however is the introduction of an ex-
ternal Exchange-Correlation potential, that is a functional of the electron density, for which currently there
are only approximate solutions.[49]
4.1 The Kohn-Sham Equation





















where i runs over all N electrons in the system and ψi is the associated single electron wave function,
εi is the Kohn-Sham one electron energy level, V(r) is any applied external potential, n(r) is the total electron
charge density at a point r, and Exc[n(r)] is the exchange-correlation energy functional.[50]
The total energy of the static system, ETotal, is given by
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where the second term come from nuclear-nuclear coulomb repulsion of cations having atomic num-



















where εxc is the exchange-correlation potential.
For a given atomic structure the Kohn-Sham equations can be solved self consistently to find the
single electron wave functions. Forces can then be derived using the Hellmann–Feynman theorem since the









In the event that the Hamiltonian is simply a sum of kinetic energy and a scalar potential, H = T + V ,




Molecular statics, within the Born-Oppenheimer approximation, can then be performed to determine
the ground state structure, energy, charge density, and spin density of the doped systems, along with the
Kohn-Sham one electron density of states.
4.2 Approximations
4.2.1 Exchange-Correlation Functionals
From a theoretical stand point, the electronic ground state predicted by DFT and the Schrödinger wave equa-
tion should be identical. However, this requires the true universal exchange-correlation functional, which is
currently unknown. There are however approximate solutions.[49] The original exchange-correlation is the
Local Density Approximation (LDA) where the exchange-correlation energy if found for a uniform electron
gas of density ρ and then generalized into a functional. LDA yields acceptable results for many metallic sys-
tems because of their mobile sea of electrons is sufficiently similar in behavior to a free electron gas. LDA
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produces subpar predictions when used to model insulators, like alumina. The most common improvement
on LDA is the Generalized Gradient Approximation (GGA), wherein addition to the charge density, the
gradient of the charge density is also factored into the calculation of the exchange-correlation energy. Un-
like LDA, GGA is not a specific functional, but a family of functionals. The GGA level of theory is by far
the most commonly used and provides reasonable predictions for a large number of system properties. In
addition to LDA and GGA, there other local density approximations and there are more sophisticate approx-
imations such as DFT+U, meta-GGA, hybrid functionals, exact exchange, screened exchange, non-local,
and double hybrid functionals. Much like the other post Hartree-Fock methods discussed earlier there is the
general trend that as the accuracy of the exchange-correlation functional increases the computational cost
increases as well. Accordingly, it is important to choose the appropriate level of theory for the problem in
question.
4.2.2 Bloch Waves
Bloch’s theorem for periodic crystals states that the wave function ψN may be decomposed into a plane wave
and a periodic function u(r).
ψN−eik•ruk(r) (4.9)
Where k is a continuous vector in momentum space, sometimes called reciprocal space, with the
property that if k2 = (k1 + K), where K is any reciprocal lattice vector, then there exists a u2 such that
eik1•ru1(r)−ψN−eik2•ru2(r) (4.10)









to avoid redundant solutions.
Since k is continuous there are an infinite number of possible k values. It is impossible to solve the
problem using the infinitely large basis set. Accordingly, we select a finite number of k values to use. This
process is known as kpoint sampling. As the number of kpoints sampled approaches ∞ our approximate
solutions converge to the true solution, with diminishing return.
To solve for the periodic portion of our Bloch wave we can use perform a Fourier expansion, com-











For computational reasons we must eventually truncate the infinite sum. The maximum value of
(k+Gj)2
2 is typically referred to as the cut off energy. As the cut off energy tends to ∞ our approximate
solutions converge to the true solution, with diminishing return.
4.2.3 Pseudopotentials and the Frozen Core Approximation
As stated earlier, using modern computational techniques DFT scales approximately as O(N2 log N). In
order to reduce N and speed up computations it is prudent to limit the number of electrons involved in
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the calculations. Since the wave functions of the non-valence electrons change little during bonding, one
technique to reduce the computational burden is to "freeze" the wave functions of these core electrons.
This is the Frozen Core Approximation. In addition, these core electrons tend to oscillate rapidly near the
nucleus which requires a large cut off energy for the plane wave expansion. By replacing the the actual
wave functions with pseudo wave functions that increase the smoothness within some cut off radius R and
replicate the wave function exactly outside of the radius R one can reduce the cut off energy required for
accurate predictions. The choice of which electrons are treated as "core" electrons, the cut off radius R, and
the method of generating pseudo wave functions is known as the pseudopotential.
4.3 Computational Methods
The doped alumina properties were calculated using spin polarized DFT performed using the Vienna Ab
initio Simulation Package 5.3.5 (VASP)[48, 52, 53] with the generalized gradient approximation (GGA)
Perdew-Burke-Ernzerhof (PBE) functional and projector augmented wave (PAW) pseudopotentials.[54, 55]
GGA pseudopotentials have been shown to reproduce the α- to θ- energy difference better than LDA.[56, 57]
Partial orbital occupancies were determined using the tetrahedron method with Blochl corrections.[58] The
PBE-PAW pseudopotential core electron configurations were [He] for O, [Ne] for Al, Sc, Ti, V, Cr, and Mn,
and [Ar] for Fe, Co, Ni, and Cu. The broken-symmetry ground states for individual atoms were calculated
using a 800 eV cut off with the gamma point only along with a Gaussian smearing of 1 × 10−3 through an
asymmetric simulation cell of dimension 20x21x22 Å
3
.
The volume, cell shape, and atomic positions of each doped alumina super cell were relaxed simul-
taneously via damped molecular dynamics with a plane wave cut off energy of 500 eV and 2x2x2 gamma
centered Monkhorst-Pack kpoint meshes until the forces on each atom were less than 1 × 10−3 eV Å
−1
.[59]
After the super cell was relaxed the wave functions and charge density were recalculated with a plane wave
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cut off of 800 eV without further relaxation. The total energy is converged to <6 meV per atom at a cutoff
of 500 eV and <0.1 meV per atom at a cutoff of 800 eV. Before plotting the DOS the electronic states were
recalculated using Gaussian smearing of 0.1 while the charge density and atomic positions were kept fixed
to reduce the sharpness of the DOS for integration purposes. To find the total majority (minority) electrons
the DOS for the majority (minority) spin was integrated from negative infinity up to the fermi level, this
work approximates the integral with a Riemann Sum.
To calculate the contribution of each atom to the net magnetic moment, the wave functions were
projected onto spherical harmonics centered on each of the atoms. Each atom was then assigned a portion of
the spin of each wave function and the total spin on an atom was found by summing the spin contributions
from all wave functions.[60] This also allowed for the determination of the spd character of each wave
function. The net magnetic moment of the super cell was taken to be the sum of the magnetic moments on
each atom. This may lead to a slight underestimation of the total magnetic moment because of unaccounted
spin density in interstitial regions.
Chapter 5
Preliminary Results - Bulk Doping of α- and θ-Alumina
The preliminary work of this dissertation focused on Cr, Fe, Ni, and Cu doping of α-alumina and θ-alumina.
The purpose of this preliminary works was to
• Validate DFT accurately represents our alumina system.
• Quantify the effects of TM dopants on the alumina structure.
• Determine if TM doping can induce magnetism in alumina.
• Investigate what effect phase and coordination have on induced magnetism.
• Examine the stability of TM doped alumina.
The results presented in this chapter were published in the Journal of Physics: Condensed Matter.[2]
5.1 Pure Alumina
Before considering doped alumina, pure undoped α- and θ-alumina were examined in order to determine
if the the level of DFT chosen could accurately reproduce the alumina structure and its properties. The
structural parameters predicted by our DFT calculations for the hexagonal α-alumina unit cell (a = b = 4.81
Å, and c = 13.12 Å) and monoclinic θ-alumina unit cell (a = 11.93 Å, b = 2.94 Å, c = 5.67 Å, and β =
104.03 degrees) are in good agreement with other GGA calculations and only slightly over-estimate the
21
22
Table 5.1: The lattice parameters for the hexagonal unit cell of α-alumina and monoclinic unit cell of θ-
alumina along with the relevant angles. In addition, the volume per formula unit and volume
difference per f.u. between the two phases is also presented. Table reproduced from reference 2.
α-Al2O3
GGA Experiment
References This Work [23] [57] [24] [33] [61] [62] [63] [64]
a=b (Å) 4.81 4.81 4.79 4.81 4.84 4.78 4.76
c (Å) 13.12 13.12 13.07 13.12 13.09 13.05 12.99
Volume (Å
3
f.u.−1) 43.81 43.81 43.25 43.70 44.18 43.07 42.50
θ-Al2O3
GGA Experiment
References This Work [23] [57] [24] [33] [61] [62] [63] [64]
a (Å) 11.93 11.77 11.87 11.91 11.85 11.85 11.85 11.813±0.010
b (Å) 2.94 2.92 2.93 2.94 2.97 2.92 2.90 2.906±0.002
c (Å) 5.67 5.62 5.66 5.67 5.66 5.63 5.62 5.625±0.005
β (◦) 104.03 104.00 104.00 103.80 103.70 104.03 103.80 104.1±0.1
Volume (Å
3
f.u.−1) 48.23 46.85 47.70 48.20 48.30 47.32 47.00
Volume Difference
θ - α (Å
3
f.u.−1) 4.42 3.03 4.45 4.50 4.12 4.25
experimental values (see table 5.1). For α-alumina, the lattice vectors reported in this work are identical
to the lattice vectors reported in reference 23 and within 1% of previous work, yielding a volume within
3%. Similarly, the lattice vectors reported for θ-alumina are within 1.4% of the literature, again yielding
a volume within 3%. The Al–O bond lengths for α-alumina (1.87–1.99 Å), θ-alumina in octahedral sites
(1.89–2.02 Å), and θ-alumina in tetrahedral sites (1.77–1.81 Å) are also in excellent agreement with both
previous GGA calculations and experimental values.[23, 62, 63, 64, 65]
As for the energetics of pure α- and θ-alumina, the metallic reference formation energy (-15.13
eV/f.u.) is in good agreement with previous uncorrected GGA values; energy corrections for the GGA
over-binding of O2 decrease the formation energy of alumina by 2.07 eV/f.u..[24, 33] In addition to being
in agreement with previous GGA calculation, the calculated cohesive energy (31.08 eV/f.u.) is also in
good agreement with experiment.[23, 66] The GGA energy difference between the θ- and α-phases (0.05
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eV/f.u.) is in agreement with other GGA values and below the upper bound measured by Yokokawa and O.
J. Kleppa.[23, 24, 33, 56, 57, 61]
5.2 The Structure of Doped Alumina
The structural properties of TM doped α- and θ-alumina are given in tables 5.2 and 5.3. Substitution of an Al
atom with an TM dopant or vacancy only had a minor effect on the lattice parameters (<0.4% change) and
density (<1.5% change) of alumina, but increased the substitutional site polyhedron volume ( >4% change).
Examining the substitutional site quadratic elongation (QE) and bond angle standard deviation, it can be
seen that the quadratic elongation and the bond angle standard deviation are relatively unchanged, indicating
that the substitutional site volume increase is primarily from polyhedron expansion rather than distortion.
This expansion is due largely to the TM-O bond lengths typically being larger than the host Al-O bond
lengths. Dopants in tetrahedral sites induced a larger site polyhedron expansion (12-18%) than in octahedral
sites (4-12%), regardless of the dopant, with Fe-dopants having the largest difference between doping sites.
Octahedral sites in both the α- and θ-alumina had near equivalent site expansions. Vacancies increased the
site volume more than substitutional doping due to the bond removal and contraction of neighboring sites.
In addition to increased bond lengths surrounding TM-dopants, a decrease in the standard deviation
of the cation-oxygen bond lengths was observed in octahedrally coordinated sites, except for Ni doped α-
alumina which has the same bond length standard deviation as undoped alumina. Conversely, in the case
of tetrahedrally doped θ-alumina the cation-oxygen bond length standard deviation is marginally increased,
except for Ni doping, which again remains the same as pure alumina. Since the bond strength of ionic
crystals is expected to be inversely proportional to the bond length this suggests that, in general, transition
metal dopants in alumina form uniform, but weaker, bonds with oxygen than the host Al and as such should
show a higher mobilty. This suggested reduction in bond strength is consistent with the slight decrease in
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Table 5.2: Structural Properties of TM doped α- and θ-alumina in octahedral and tetrahedral Sites. The
supercell lattice parameters have been scaled to be comparable with the underlying unit cell.
Table reproduced from reference 2.
Al2O3 Al2O3:Cr Al2O3:Fe Al2O3:Ni Al2O3:Cu Al2O3:Al Vacancy
Scaled Super Cell Lattice Parameters
α-Octahedral
a (Å) 4.81 4.81 4.81 4.81 4.81 4.81
c (Å) 13.12 13.13 13.12 13.13 13.13 13.14
Volume (Å3/ f .u.) 43.76 43.88 43.80 43.89 43.89 43.91
θ-Octahedral
a (Å) 11.93 11.93 11.93 11.91 11.93 11.92
b (Å) 2.94 2.94 2.94 2.95 2.94 2.95
c (Å) 5.67 5.67 5.67 5.68 5.68 5.68
β (deg) 104.03 103.99 104.02 104.04 104.01 104.07
Volume (Å3/ f .u.) 48.23 48.23 48.23 48.29 48.37 48.40
θ-Tetrahedral
a (Å) 11.93 11.94 11.94 11.94 11.97
b (Å) 2.94 2.94 2.94 2.95 2.94
c (Å) (same as above) 5.68 5.68 5.68 5.68 5.66
β (deg) 104.09 104.05 104.06 104.09 103.97
Volume (Å3/ f .u.) 48.33 48.39 48.34 48.38 48.33
TM-substitutional site volume (Å
3
)
α − Al2O3 9.34 10.16 9.77 10.04 10.47 11.84
θ-Octahedral 9.62 10.49 10.00 10.30 10.82 12.92




α − Al2O3 2.33 2.35 2.36 2.35 2.36 2.30
θ-Octahedral 2.11 2.14 2.14 2.14 2.14 2.08
θ-Tetrahedral 2.11 2.13 2.13 2.14 2.14 2.09
Quadratic Elongation of TM-substitutional site
α − Al2O3 1.02 1.02 1.02 1.02 1.02 1.02
θ-Octahedral 1.01 1.01 1.01 1.02 1.02 1.03
θ-Tetrahedral (same as above) 1.02 1.01 1.01 1.02 1.01
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Table 5.3: TM-O bond lengths, effective coordination numbers, and bond angle standard deviations of TM
doped α- and θ-Al2O3 in octahedral and tetrahedral sites. Table reproduced from reference 2.
Dopant Al2O3 Al2O3:Cr Al2O3:Fe Al2O3:Ni Al2O3:Cu
α-Al2O3
TM–O bond distances (Å)
Bond 1 1.87 1.96 1.94 1.92 1.96
Bond 2 1.87 1.96 1.94 2.02 1.96
Bond 3 1.99 2.01 1.98 1.96 2.06
Bond 4 1.99 2.01 1.98 2.08 2.06
Bond 5 1.99 2.01 1.98 1.95 2.06
Bond 6 1.87 1.96 1.94 1.92 1.96
average TM-O bond length 1.93 1.99 1.96 1.98 2.01
st.dev. of TM-O bond length 0.06 0.02 0.02 0.06 0.05
Effective Coordination Number (Unitless) 5.78 5.96 5.98 5.82 5.88
θ-Al2O3: Octahedral
TM–O bond distances (Å)
Bond 1 1.96 2.00 1.96 2.00 2.02
Bond 2 2.02 2.06 2.02 2.06 2.09
Bond 3 1.89 1.97 1.95 1.97 2.00
Bond 4 2.02 2.06 2.02 2.06 2.09
Bond 5 1.89 1.97 1.95 1.97 2.00
Bond 6 1.89 1.97 1.92 1.97 1.96
average X-O bond length 1.95 2.01 1.97 2.01 2.03
st.dev. of X-O bond length 0.06 0.04 0.04 0.04 0.05
Effective Coordination Number (Unitless) 5.79 5.91 5.90 5.59 5.87
θ-Al2O3: Tetrahedral
TM–O bond distances (Å)
Bond 1 1.77 1.89 1.86 1.87 1.92
Bond 2 1.81 1.87 1.92 1.88 1.89
Bond 3 1.77 1.80 1.86 1.82 1.83
Bond 4 1.77 1.89 1.86 1.87 1.92
average X-O bond length 1.78 1.86 1.88 1.86 1.89
st.dev. of X-O bond length 0.02 0.04 0.03 0.02 0.04
Effective Coordination Number (Unitless) 3.99 3.93 3.98 3.97 3.93
Bond Angle Standard Deviation of TM-substitutional site (deg)
α-Al2O3 8.21 8.62 7.09 7.43 8.81
θ-Al2O3: Octahedral 6.62 6.82 6.65 6.76 7.19
θ-Al2O3: Tetrahedral (Same as Above) 10.36 5.97 7.82 8.88
26
Table 5.4: Magnetic moments (μB) of different regions of TM doped α- and θ-alumina calculated with DFT
when doped in octahedral and tetrahedral sites. The non-cluster magnetic moment is the sum
of the magnetic moments on all atoms except for the dopant and its nearest neighboring oxygen
atoms. Table reproduced from reference 2.
Al2O3 Al2O3:Cr Al2O3:Fe Al2O3:Ni Al2O3:Cu Al2O3:Al Vacancy
DFT Predicted Unpaired Electrons
α-octahedral 0.00 3.00 1.00 1.00 2.00 3.00
θ-octahedral 0.00 3.00 1.00 1.00 2.00 3.00
θ-tetrahedral 0.00 1.00 5.00 3.00 2.00 3.00
Total Magnetic Moment (μB)
α-octahedral 0.00 2.64 0.97 0.96 1.84 2.52
θ-octahedral 0.00 2.65 0.97 0.95 1.83 2.49
θ-tetrahedral 0.00 0.92 4.67 2.76 1.81 2.48
Dopant Magnetic Moment (μB)
α-octahedral 0.00 2.60 0.97 0.72 0.87
θ-octahedral 0.00 2.62 0.96 0.73 0.90 (N/A)
θ-tetrahedral 0.00 0.88 3.90 1.83 0.80
Neighboring Oxygen Magnetic Moment (μB)
α-octahedral 0.00 0.01 -0.01 0.22 0.84 1.69
θ-octahedral 0.00 0.00 0.00 0.21 0.82 1.50
θ-tetrahedral 0.00 0.03 0.67 0.80 0.80 1.79
Non-Cluster Magnetic Moment (μB)
α-octahedral 0.00 0.03 0.01 0.01 0.13 0.83
θ-octahedral 0.00 0.03 0.01 0.01 0.11 0.99
θ-tetrahedral 0.00 0.00 0.10 0.13 0.21 0.69
bulk modulus seen in previous doped alumina studies.[24] Using a (1/l) relationship, where l is the bond
length, for the strength of an ionic bond, the average TM-O bond lengths suggests a reduction in strength
of 1.02–3.98% for octahedrally coordinated doping sites and 4.83% - 6.35% for tetrahedrally coordinated
doping sites.
5.3 Magnetism in Doped Alumina
The number of unpaired electrons, net magnetic moment, and spin density were calculated with DFT in
order to evaluate the ability of TM dopants to increase the magnetic activity alumina. While the net magnetic
moment of the super cell is of important, it is also important to consider how widely distributed the magnetic
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Fig. 5.1: The spin density 1.5 × 10−3 μB Å
−3
isosurfaces for (a) Cr, (b) Fe, (c) Ni, and (d) Cu doped α-
alumina in a octahedrally coordinated site, (e) as well as an Al vacancy. The larger (Blue) atoms
are Al, the smaller (Red) atoms are O, and the remaining atom is the dopant. In the case of an
Al vacancy the host Al site is shown as a grey atom. Yellow represents the up (majority) spin
isosurfaces, aquamarine represents down (minority) spin isosurfaces. Some Al and O atoms were
removed from the super cell to increase visibility. Figure reproduced from reference 2.
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Fig. 5.2: The spin density 1.5 × 10−3 μB Å
−3
isosurfaces for (a) Cr, (b) Fe, (c) Ni, and (d) Cu doped θ-
alumina in a tetrahedrally coordinated site, (e) as well as an Al vacancy. The larger (Blue) atoms
are Al, the smaller (Red) atoms are O, and the remaining atom is the dopant. In the case of an
Al vacancy the host Al site is shown as a grey atom. Yellow represents the up (majority) spin
isosurfaces, aquamarine represents down (minority) spin isosurfaces. Some Al and/or O atoms
were removed from the super cell to increase visibility. Figure reproduced from reference 2.
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moment is, as this may affect how bulk doped alumina reacts to an external magnetic field.[11, 23] The long
range magnetic effects of each dopant on alumina were quantified by dividing the total magnetic moment
into three parts: the magnetic moment attributed to the dopant, the magnetic moment attributed to the nearest
neighboring oxygen atoms, and the magnetic moment attributed to the rest of the atoms in the super cell.
Table 5.4 shows both the total magnetic moment in the super cell as well as how that magnetic moment is
distributed. It can be seen that for a given dopant the total magnetic moment in the doped super cells for α-
alumina and octahedrally doped θ-alumina are within 0.01 μB. However, for Cr, Fe, and Ni doping the total
magnetic moment of an octahedrally coordinated dopant is vastly different from a tetrahedrally coordinated
one. These results indicate that the total magnetic moment is not a function of the host phase, but that the
dopant species and coordination environment are the most important factors in determining the net magnetic
moment. Also, as expected there is a direct relationship between the number of unpaired electrons in the
super cell and the total magnetic moment.
The best was to visualize the magnetic moment distribution is through the spin density. The spin den-
sity is simply the difference between the charge density for spin-up (majority) and the spin-down (minority)
electrons (spin-up minus spin-down). The spin density characterizes the magnetic activity of a material by
identifying which regions of space contain unpaired electrons whose spin may couple with an applied exter-
nal field. It is proposed that the spin density of doped alumina may affect the processing of alumina when
in the presence of a magnetic field. In all of the situations examined the dopant is surrounded by a spin-up
cloud of varying shape and size which induces net magnetic spins on the oxygen atoms in the cell. The
induced spin is localized only on oxygen atoms with no net spin on the aluminum atoms, which is consistent
with the ionic bonding nature of alumina. Outside of the nearest-neighbor oxygen, the size of the induced
spin drops drastically, but is only negligible (<1.5 × 10−3 μB Å
−3
) for Cr doped alumina and octahedrally
coordinated Fe doped alumina. The spin densities for doped α-alumina and tetrahedrally doped θ-alumina
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Table 5.5: Calculated Cohesive and Defect Formation, and Decomposition Energies of TM doped α- and
θ-alumina in octahedral and tetrahedral sites. The Al2O3 and Al2O3:Al Vac columns represent
pure undoped alumina and an Al vacancy, respectively. Table reproduced from reference 2.
Al2O3 Al2O3:Cr Al2O3:Fe Al2O3:Ni Al2O3:Cu Al2O3:Al Vac
Cohesive energy (eV/f.u.)
α-Octahedral 31.077a 30.987a 30.918a 30.871a 30.783a 30.443a
θ-Octahedral 31.030 30.944 30.869 30.820 30.731 30.374
θ-Tetrahedral 31.030 30.852 30.888 30.805 30.708 30.391
Decomposition Energy (eV/f.u.)
α-Octahedral 0.000 -0.009 -0.039 0.027a -0.017a -0.133a
θ-Octahedral 0.000 -0.005a -0.041 0.022 -0.022 -0.155
θ-Tetrahedral 0.000 -0.097 -0.023a 0.007 -0.045 -0.139
aPreferred doping site according to the given energy metric
are shown in figures 5.1 and 5.2, respectively.
5.4 Energetic Stability
5.4.1 Cohesive Energy
Doping can strongly affect the relative stability of the different phases of alumina which can affect transition
rates and temperatures. The relative phase stability was determined by comparing the cohesive energies,
ECoh, calculated using equation 2.1. The ECoh of pure undoped α-alumina was found to be 31.08 eV/f.u.,
which is in agreement with the experimental value of 31.8 eV/f.u. [66]. Comparing cohesive energies shows
that pure α-alumina is more stable than θ-alumina by 0.047 eV/f.u. [24, 56]. It can see in table 5.5 that
α-alumina remained the most stable phase (had the largest cohesive energy) for all dopants considered, but
the energy difference between the two phases did change.
Since Fe and Cr lower the cohesive energy difference between the pure α- and θ-phases, those two
dopants stabilize the θ-phase. In Chromia (Cr2O3) the DFT predicted Cr-O bond length is 2.035 - 1.97 Å
with a polyhedron volume of 1.046 × 101 Å
3
, which is larger than that of both α- and θ-alumina.[34, 67]
As such the stabilization of the θ-phase may be due to the Al-O bond lengths for octahedrally coordinated
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aluminum atoms in θ-alumina being longer than in the α-phase combined with reduced density of the θ-
phase, which allows it to accommodate distortions easier. The proposed reason for stabilization with Fe
doping is different. Stabilization due to Fe doping is probably due to Fe dopants preferring tetrahedrally
coordinated doping sites over octahedrally coordinated doping sites, as indicated by the cohesive energy of
tetrahedrally doped θ-alumina being larger than its octahedrally doped counterpart. Fe is the only dopant
tested that prefers a tetrahedral coordination over an octahedral one. Ni, Cu and Al vacancies increase the
cohesive energy difference between the two phases and thus stabilize the α-phase. It is possible that higher
concentrations may exacerbate these phase stabilizing effects. The combined cohesive energy results of
this work and reference [24] suggest that at higher concentrations of Fe or Cr doping it may be possible to
reverse the phase stability between α- and θ-alumina.
5.4.2 Decomposition Energy
The decomposition energy, the energy the system gains when the doped solid solution segregates into two
or more distinct phases, was calculated with equation (2.2), and shown in table 5.5. The decomposition
energies were calculated using the assumption that decomposed alumina stays in the same phase (i.e. doped
α-alumina decomposes into pure α-alumina and doped θ-alumina decomposes into pure θ-alumina). Ac-
cordingly, the decomposition energy for the pure phases have been set to zero. The decomposition energy
assuming doped θ-alumina decomposes into α-alumina can be calculated by subtracting 0.0479 eV/f.u. from
the θ-alumina decomposition energy. Finally, GGA tends to over-bind O2 molecules.[68] To compensate
for this over binding the total energy of O2 was increased (destabilized) by 1.38 eV per O2 molecule before
being used to calculate the decomposition energy, as is consistent with past research.[34, 68, 69]
No metallic phases were predicted and as such the decomposition energies presented in table 5.5 are
the negative of an oxide reference formation energy. Only Ni doped alumina has a positive decomposition
energy and as such is predicted to be stable against decomposition into pure alumina and NiO. All other
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dopants are only metastable against decomposition but have higher decomposition energies than that of
alumina with an Al vacancy, giving rise to the following order of increasing dopant stability: Ni > Cr > Cu
> Fe > vacancy. While this analysis does not take into account the activation energy of decomposition, which
will decide the temperature at which these doped aluminas decompose, it is expected that any conditions
that tolerate Al vacancies should also tolerate Cr, Fe, or Cu doping. However, this analysis does not take
into account size effects such as surface energy or grain boundary interface energy.
It is important to note that these decomposition energies should only be viewed qualitatively as mo-
tivation into further stability research, not quantitatively, for a number of reasons. In calculating decompo-
sition energy it was understood that Fe2O3 suffers from magnetic frustration and has many relative minima
in regard to its antiferromagnetic (AFM) ordering.[70] As this study is not a comprehensive study of all
the possible magnetic ground states of Fe2O3 only 1 AFM state was generated, along with a nonmagnetic
(NM) and a ferromagnetic (FM) state in order to give a measure of the spread in energy. Similarly, only
a metastable NM state and stable FM state 0.04 eV/f.u. lower in energy could be found for NiO. Also,
when dealing with interacting TM atoms it is recommended that one used DFT+U to adjust the correlation
energy to obtain the correct magnetic ground state. However, the energy predictions are still useful as an
uncertainty of 0.04 eV/f.u. for the total energy of NiO yields a propagated uncertainty of 0.002 eV/f.u. in
the decomposition energy of Ni doped alumina which is not enough to qualitatively change the stability
predictions.
5.5 Summary of Preliminary Results
In summary, Cr, Fe, Ni and Cu doped α- and θ-alumina in both octahedral and tetrahedral doping sites have
been examined. The DFT predicted energetic and structural findings for pure undoped α- and θ-alumina are
in good agreement with both previous DFT studies and experiment. [23, 24, 33, 56, 57, 61, 61, 62, 63, 64,
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65, 66] Substitution of an Al-atom with a TM dopant only had a minor effect on the lattice parameters but
increased the substitutional site polyhedron volume leading to TM-O bond lengths that are typically larger
than the host Al-O bond lengths, suggesting a weakening of the bond strength. The substitutional site volume
for vacancies increases significantly more than for TM doping, with the substitutional site volume increase
for octahedrally cordinated Al vacancies in the θ-phase being larger than for the α-phase. It is suspected that
this is because the initial density of θ-alumina is lower than α-alumina (3.62 vs. 3.87 g cm−3)[23] which
allows it to accommodate larger structural distortions.
The results indicate that transition metal doping can induce a net magnetic moment in alumina by
generating unpaired electrons and the total magnetic moment is not a function of the host phase, but that the
dopant species and coordination environment are the most important factors in determining the net magnetic
moment, with similar coordinations in different phases producing similar spin densities, DOS, and magnetic
moments. As such the magnetic results presented should be generalizable to the other five or more phases
of alumina not studied here when the dopant has an octahedral or tetrahedral coordination environment.[6]
Furthermore, this argument does not just apply to the total magnetic moment, but also to the magnetic
moment on the nearest neighbor oxygen atoms and the long range magnetic effects of the dopant.
In all cases the dopant is surrounded by a spin-up cloud of varying shape and size and induces a
net magnetic spin on the nearest neighboring oxygen atoms. Outside of the nearest neighbor oxygen the
magnitude of the induced spin drops drastically, but is only negligible (<1.5 × 10−3 μB Å
−3
) for Cr doped
aluminas and octahedrally coordinated Fe doped aluminas. It is unclear as to why some dopants (Ni and
Cu), produce delocalized spin densities, while other (Cr and Fe) produce spin densities that are localized
near the transition metal dopant.
The results of this work suggest that transition metal doping of alumina can lead to some very inter-
esting magnetic and electronic effects, but also brings into question the long term stability of such systems.
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Calculations of the cohesive energy indicate that doping may be used to help control which phases are grown
during fabrication. In the limit of dilute doping the α phase remains the stable phase with Fe and Cr doping
decreasing the relative energy difference between the α- and θ- phases of alumina and Ni and Cu doping,
or Al vacancies, increasing the energy difference. However, the only dopant predicted to be stable against
phase segregation into pure alumina and pure dopant oxide was Ni. This is true for both octahedrally and
tetrahedrally coordinated doping sites in both α- and θ-alumina.
Chapter 6
Additional Dopants in α-Alumina
In the preliminary work I validated that the GGA level of theory was sufficiently accurate to model alumina
and that judicious doping of normally diamagnetic alumina could lead to bulk magnetism via the introduc-
tion of unpaired electrons. It was also seen that the most important factor in determining the net magnetic
moment and the degree of magnetic moment delocalization was the dopant species and the local coordina-
tion environment, not the host phase. As such the magnetic results, including the magnetic moment on the
nearest neighbor oxygen atoms and the long range magnetic effects of the dopant, should be generalizable
to the other five or more phases of alumina not studied here when the dopant has an octahedral or tetrahedral
coordination environment.[6] In addition, dilute doping of α-alumina (the stable phase) and θ-alumina (the
most stable metastable phase) was not sufficient to reverse the phase stability and α-alumina remained the
stable phase. With this information in mind I decided that it more important to investigate more dopants
in α-alumina than it was to investigate more phases, as the magnetic results should be transferable to other
phase with octahedrally coordinated dopants and the α phase is more chemically and thermally resistant
than it’s metastable phases.[6] In addition, recent research has focused on producing nano-crystalline α-
alumina with high surface area, which would allow α-alumina to be used for catalysis in place of its porous
metastable phases.[71, 72, 73] Accordingly, in this chapter we expand the analysis to several additional tran-
sition metals that are otherwise non-magnetic (Sc, Ti, V, Mn, and Co) and use density functional theory to
understand the origin of the spin delocalization, as well as to predict the structural, electronic, energetic, and
35
36
Table 6.1: Density functional theory calculated structural properties of transition metal doped α-alumina.
The super cell lattice parameters have been scaled down to be comparable to the underlying
hexagonal unit cell. The Al Vac and Al columns represent undoped α-alumina with and without
an aluminum vacancy respectively. Table reproduced from reference 3.
Dopant Al Sc Ti V Cr Mn
Scaled Supercell lattice parameters (Å)
a 4.81 4.82 4.82 4.82 4.81 4.82
c 13.12 13.14 13.14 13.13 13.13 13.13
Volume (Å
3
f.u.−1) 43.76 44.09 44.01 43.94 43.88 43.92
Density u Å
−3
2.33 2.33 2.34 2.34 2.35 2.35
TM-substitutional site volume (Å
3
) 9.34 11.20 10.76 10.43 10.16 10.39
Quadratic Elongation of
TM-substitutional site (Unitless) 1.0203 1.0386 1.0271 1.0222 1.0218 1.0259
TM–O bond distances (Å)
Bond 1 1.87 1.99 2.01 1.96 1.96 2.03
Bond 2 1.87 1.99 1.93 1.96 1.96 1.91
Bond 3 1.99 2.15 2.08 2.05 2.01 2.16
Bond 4 1.99 2.15 2.08 2.05 2.01 2.01
Bond 5 1.99 2.15 2.10 2.05 2.01 2.01
Bond 6 1.87 1.99 1.99 1.96 1.96 1.91
average TM–O bond length 1.93 2.07 2.03 2.01 1.99 2.01
st.dev. of TM–O bond length 0.06 0.08 0.06 0.05 0.02 0.08
Effective Coordination Number (Unitless) 5.78 5.67 5.75 5.88 5.96 5.59
Bond Angle Standard Deviation
of TM-substitutional site (◦) 8.21 11.20 9.46 8.66 8.62 8.93
magnetic properties of doped α-alumina. Our findings show conclusively that significant spin delocalization
can only occur when there are unpaired electrons in the transition metal eg states. The results presented in
this chapter were published in the Journal of Physics: Condensed Matter.[2, 3]
6.1 Doped Alumina Structure
The bond length of ionic crystals can give insight into the mechanical properties of the material as well as
the relative mobility of species. Our preliminary work drew the conclusions that TM doping of alumina
only had a minor effect on the lattice parameters and density of alumina, and increased the substitutional
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Table 6.2: Density functional theory calculated structural properties of transition metal doped α-alumina.
The super cell lattice parameters have been scaled down to be comparable to the underlying
hexagonal unit cell. The Al Vac and Al columns represent undoped α-alumina with and without
an aluminum vacancy respectively. Table reproduced from reference 3.
Dopant Al Fe Co Ni Cu Al Vac
Scaled Supercell lattice parameters (Å)
a 4.81 4.81 4.81 4.81 4.81 4.81
c 13.12 13.12 13.12 13.13 13.13 13.14
Volume (Å
3
f.u.−1) 43.76 43.80 43.77 43.89 43.89 43.91
Density u Å
−3
2.33 2.36 2.36 2.35 2.36 2.30
TM-substitutional site volume (Å
3
) 9.34 9.77 9.63 10.04 10.47 11.84
Quadratic Elongation of
TM-substitutional site (Unitless) 1.0203 1.0146 1.0117 1.0174 1.0231 1.0218
TM–O bond distances (Å)
Bond 1 1.87 1.94 1.94 1.92 1.96 N/A
Bond 2 1.87 1.94 1.94 2.02 1.96 N/A
Bond 3 1.99 1.98 1.95 1.96 2.06 N/A
Bond 4 1.99 1.98 1.95 2.08 2.06 N/A
Bond 5 1.99 1.98 1.94 1.95 2.06 N/A
Bond 6 1.87 1.94 1.94 1.92 1.96 N/A
average TM–O bond length 1.93 1.96 1.94 1.98 2.01 N/A
st.dev. of TM–O bond length 0.06 0.02 0.00 0.06 0.05 N/A
Effective Coordination Number (Unitless) 5.78 5.98 6.00 5.82 5.88 N/A
Bond Angle Standard Deviation
of TM-substitutional site (◦) 8.21 7.09 6.38 7.43 8.81 N/A
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Fig. 6.1: A categorical scatter plot of density functional theory calculated defect formation energies (orange
circles) for transition metal doped α-alumina. The Al Vac and Al columns represent undoped α-
alumina with and without and an Al vacancy respectively. Figure reproduced from reference 3.
site polyhedron volume primarily through expansion. This indicated that any structural distortions were
localized near the dopant and that there was a uniform increase of the TM-O bond lengths when compared
to the host Al atom, suggesting weaker TM-O bonds and increased TM mobility. The structural results
of these additional dopants are consistent with those conclusions and are reported in tables 6.1 and 6.2.
Comparative data for the new dopants could only be found for Co doped α-alumina, but are consistent with
the findings presented here.[24]
6.2 Defect Formation Energy
The inclusion of a dopant into the alumina structure comes at an energetic cost. To determine the ease
of doping α-alumina the defect formation energy was calculated. It can be seen from Figure 6.1 that the
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defect formation energy increases approximately linearly from Sc to Mn, with a plateau between Mn and
Co, and increases again from Co to Cu. This trend in the defect formation energy is not caused changing
structural distortions from substituting larger TM ions into the alumina lattice. The pattern is not correlated
with the substitutional site volume, as there is no plateau in the site volume. Likewise, the general trend
of the substitutional site volume is that it decreases from Sc to Cu, which would cause any energy penalty
from structural distortions to decrease, not increase. Instead, each energetic region corresponds to a different
electron loading scheme. Sc doped α-alumina contains no unpaired electrons and Sc has the lowest defect
formation energy. Ti, V, Cr, and Mn doping progressively increases the number of unpaired electrons from
one to four respectively with each electron occupying a different d orbital as seen from the DOS, which is
analyzed in 6.4. Fe and Co doped α-alumina have different electronic configurations from where there are
more d electrons (five and six respectively), but the electrons pair up and only occupy the three t2g orbitals.
Ni and Cu doping then resume the pattern of increasing the number of unpaired electrons and increasing
cohesive energy. Accordingly, the source of the differences in the defect formation energies is electronic in
origin, not structural. Connections between the defect formation energy and spin polarization of the valence
band will be discussed in Section 6.5.
6.3 Magnetic Moment and Spin Density
The results of the preliminary work showed that the TM dopants were surrounded by a localized cloud of
unpaired electrons and induced unpaired magnetic spins only on the oxygen atoms in the cell. As discussed
earlier, the total magnetic moment in the super cell may only be a partial descriptor of magnetic activity.
Thus, it is important to characterize not just the total magnetic moment but also how widely distributed
the magnetic moment is. The long range magnetic effects of the dopants were analyzed using the method
outlined in preliminary work. The total magnetic moment was divided into three parts: the magnetic moment
40
(a) Sc doped α-alumina (b) Ti doped α-alumina (c) V doped α-alumina
(d) Mn doped α-alumina (e) Co doped α-alumina (f) Al Vacancy in α-alumina
Fig. 6.2: The spin density 1.5 × 10−3 μB Å
−3
isosurfaces for (a) Sc, (b) Ti, (c) V, (d) Mn, and (e) Co doped
α-alumina and an Al vacancy. The larger (Blue) atoms are Al, the smaller (Red) atoms are O, and
the remaining atom is the dopant. Yellow represents the up (majority) spin isosurfaces, aquamarine
represents down (minority) spin isosurfaces. Some Al and O atoms were removed from the super
cell to increase visibility. Figure reproduced from reference 3.
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Fig. 6.3: A stacked bar graph where the total height is the total magnetic moment contained on all atoms
in the super cell as a function of dopant species. The Al and Al Vac columns represents undoped
α-alumina, and an Al vacancy in undoped α-alumina respectively. The components of each bar
are the magnetic moment attributed to just the dopant atom (orange), just the nearest neighbor
oxygen atoms (light blue), and the rest of the supercell (all atoms except the clusters consisting
of the dopant and it’s nearest neighbor oxygen atoms, in black). Lack of a component means the
calculated value was less than 1.5 × 10−2 μB. Figure reproduced from reference 3.
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attributed to the dopant, the magnetic moment attributed to the nearest neighboring oxygen atoms, and the
magnetic moment attributed to the rest of the atoms in the super cell. These magnetic moments are shown
in Figure 6.3. Consistent with the preliminary results, the magnitude of the magnetic moments induced on
the oxygen atoms drops rapidly as the distance from the dopant increases, which may also be seen from the
spin density isosurfaces shown in Figure 6.2.
Four features stand out most from the data. Firstly, Sc and Co doped α-alumina do not have a net
magnetic moment, and as such are predicted to remain diamagnetic. Secondly, Mn doped α-alumina has
the largest total magnetic moment, displacing Cr doped α-alumina from our preliminary work. Thirdly, Cu
still induces the largest non-local magnetic moment of all the dopants considered, with over 50% of the
total magnetic moment delocalized from the dopant atom. Lastly, none of the dopants produce a delocalized
magnetic moment as large as an Al vacancy, which is over 2.5 times larger than that of Cu. This is due
to the unsaturated dangling bonds of the nearest neighbor oxygen and their long range effects on the other
oxygen atoms in the cell. Accordingly, Mn and Cu doping are the most promising dopants for increasing
the coupling of α-alumina with a magnetic field, depending on whether the total magnetic moment (Mn)
or the magnetic moment distribution (Cu) is more important. However, if future research confirms that a
wide magnetic moment distribution is beneficial to alumina’s ability to couple with an external magnetic
field, then Al vacancies are uniquely positioned as they are intrinsic defects that produce highly delocalized
magnetic moments.
6.4 Density of States
The DOS plays an important role in overall magnetic, optical, and electronic properties of a material. Pure
alumina is an insulator with α- and θ-alumina having band gaps around 8.8 eV and 7.4 eV respectively.[74,
75] However, it is well known in the literature that LDA and GGA functionals underestimate the band
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(a) Pure α-alumina (b) Sc doped α-alumina
(c) Ti doped α-alumina (d) V doped α-alumina
(e) Mn doped α-alumina (f) Co doped α-alumina
Fig. 6.4: The density of states (DOS) of pure and doped α-alumina. The DOS of pure α-alumina has been
shifted so that the Fermi level lies at 0 eV. The DOS of the doped systems have been shifted so that
the valence bands start at the same energy as the pure system. The solid black line represents the
total DOS and matches with the scale to the left of the graph. Values above zero represent the the
spin-up contribution, while negative values represent the spin-down contribution. Similarly, the
blue dotted line represents the dopant d-orbital partial density of states (PDOS) and matches with
the scale on the right of the graph, thus appearing a factor of 8 times larger. The vertical red dashed
line represents the Fermi level. The numbers label states of similar d-orbital decomposition and
pair each spin-up state with a spin-down state to show the spin splitting. Figure reproduced from
reference 3.
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gap. This work found band gaps of 6.7 eV for α-alumina, which is slightly higher than what is seen in the
literature, and 5.0 eV for θ-alumina, which is in agreement with other DFT calculations.[24, 33] Doping
alumina at this small concentration seems to have little effect on the band gap. Doping does however change
alumina from an insulator to a semiconductor by introducing defect states into the band gap.
The DOS of Sc and Co doped α-alumina display the classic octahedral splitting of the d-orbitals
into the lower energy t2g states and the higher energy eg states as defect states in the band gap.[76] As we
move across the periodic table electrons are loaded into the orbitals and the degeneracy of these states is
broken, in addition, spin splitting between the spin up and spin down states occurs due to the exchange
energy. For clarity we will still refer to these groupings of states as the t2g and eg levels even though they
are no longer degenerate. By looking at the full site projected orbital and magnetic quantum number (lm)
decomposed atomic site projected PDOS (not shown) it is seen that these defect states are derived primarily
from TM dopant d states and oxygen p states. As such, the PDOS for just the d-orbitals of the dopant are
superimposed on top of the total DOS in Figure 6.4. The total magnetic moment of each doped system can
easily be explained from the DOS as the total magnetic moment is proportional to the number of unpaired
electrons in the system. As expected, electrons are loaded into the lowest energy available state. For Sc
through Cr these are the spin up t2g states. Once we reach Mn the exchange energy becomes so large that
the spin down t2g states become higher in energy than the spin up eg states which is why Mn can contain 4
unpaired electrons. Instead of pairing up electrons in the t2g level, it is energetically more favorable for the
fourth electron to occupy it’s own spin up eg orbital. When we move to Fe, the exchange splitting is reduced
and the spin down t2g states move lower in energy than the eg states, then it becomes more energetically
favorable to pair up electrons in the t2g states, reducing the net magnetic moment to 1. Unfortunately, this
explanation leaves much to be desired regarding the delocalization of spin. In order to determine why the net
magnetic moment is delocalized only for Mn, Ni and Cu doping we examine the partial spin density (PSD).
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6.5 Partial Spin Density
The PSD is the spin density only for electron states falling within a certain energy range. In this work, we
analyze the PSDs for the valence band, and the occupied defect states. The PSD for the defect states are
further split into the t2g and eg levels, and spin up and down components when appropriate. This allows us
to examine the contribution to the net spin density from each individual grouping of states. For Sc and Co,
which do not have any unpaired electrons, these PSDs are zero everywhere.
Looking at the PSD for the valence band of Sc, Ti, V, Cr, Fe, and Co doped α-alumina we see
an accumulation of positive spin on the dopant atom and negative spin on the oxygen atoms from spin
polarization (spacial segregation of the spin up and spin down electrons) of the valence band states. Looking
at the PSD for only the occupied t2g levels we see an accumulation of positive spin on both the dopant atom
and the oxygen atoms, from electron delocalization. Both of these phenomena have a direct relationship with
the number of unpaired electrons in the system. This spin polarization of the valence band is an attempt by
the system to lower the exchange energy by concentrating the positive spin density to one location, the
TM atom.[77] When the spin densities for valence band and occupied t2g levels are added together the
spin densities interact constructively near the dopant atom and destructively near the oxygen atoms, and we
recover the net spin density shown in figures 6.2 and 5.1.
This leaves the majority of the magnetic moment localized near the TM atom. The PSD for the
valence band and occupied t2g states of Cr doped α-alumina, as well as the sum, is shown in Figures 6.5a-c.
It is also worth noting that due to the help of the occupied spin down t2g states, the valence band for Fe and
Co doped α-alumina undergoes less spin polarization (compared to Cr) in order to compensate for the t2g
spin up density and this coincides with the plateau in the defect formation energy.
Mn, Ni, and Cu doping is different as they all possess unpaired electrons in the eg states. In Mn
doped α-alumina there are four unpaired electrons, three occupy the t2g level and one occupies the eg level.
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Similarly to the dopants examined above, the valence band effectively cancels out the long range effect of
the t2g levels, leaving a positive spin density near the TM and the NNO atoms spin polarized. However, as
shown in Figures 6.5d-g, the additional occupied eg level is left uncompensated so when the PSD is added
together with the valence band and t2g levels a positive spin density appears near two of the NNO atoms.
In Ni and Cu doped α-alumina both the spin up and spin down t2g states are fully occupied with one
and two unpaired electrons in the eg states respectively. In Ni doped α-alumina neither the valence band
nor the t2g spin down states by themselves can cancel out the long range effect of the spin up t2g states, but
combined most of the long range effects cancel out. However, they over compensate and leave spin down
densities near the NNO atoms and spin up densities near the TM. This is an attempt to cancel out the spin
effects of the singularly occupied eg level. When the PSD for the valence band, t2g levels, and occupied eg
state are summed most of the long range effects are canceled out. However, like Mn two of the NNO atoms
are surrounded by a spin up density.
Finally, in the case of Cu doping the t2g state (both up and down) are hybridized with and located
completely inside of the valence band. The PSD for the valence band shows minimal spin polarization,
but with small negative spin densities far from the TM. Accordingly, the positive spin density from the
delocalized eg levels is completely uncompensated, which is why Cu has the widest spin distribution of all
the dopants.
Based on the results presented above, we can deduce that both the t2g states and eg states are delo-
calized from the TM atom throughout the super cell. When these electrons are unpaired they cause spin up
densities near the oxygen atoms in the super cell. The PSD for the valence band of TM doped α-alumina
then undergoes spin polarization, causing an accumulation of positive spin on the dopant atom and negative
spin on the oxygen atoms, in order to cancel the long range positive spin density from unpaired electrons,
concentrate the positive spin density near that TM, and reduce the exchange energy. However, while valence
47
band polarization is effective at compensating for unpaired electrons at the t2g level, it cannot completely
compensate for the spin density of the eg states. We hypothesize that the inability of the valence band to
compensate for delocalized spin from the eg states is related to the bonding nature of the octahedral coordi-
nation environment or the trigonal symmetry of the corundum structure. This thinking is motivated by our
preliminary research on TM doping of θ-alumina, which is monoclinic.[2]
If it were not possible for the valence band of θ-alumina to compensate for the delocalized positive
spin from the eg levels, then Cr doping of θ-alumina in a tetrahedrally coordinated doping site would have
produced a non-trivial delocalized spin density as there are three electrons in the eg states, one of which is
unpaired. However, tetrahedrally coordinated doping of θ-alumina with Cr displays a highly localized spin
density, suggesting that valence band polarization could compensate for any spin delocalization. Thus, we
conclude that the valence band’s inability to compensate for delocalized spin from the eg states is related to
the crystal structure of α-alumina.
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(a) Cr: Valence band. (b) Cr: Occupied t2g levels. (c) Cr: Net spin density.
(d) Mn: Valence band. (e) Mn: Occupied t2g levels. (f) Mn: Valence band and t2g lev-
els.
(g) Mn: Uncompensated eg level.
Fig. 6.5: Partial spin density isosurfaces (1.5 × 10−3 μB Å
−3
) for Cr (a-c) and Mn (d-g) doped α-alumina. The larger (Blue) atoms are Al, the smaller
(Red) atoms are O, and the remaining atom is the dopant. Yellow represents the spin up (majority) isosurface, aquamarine represents the
spin down (minority) isosurface. Some atoms were removed from the supercell to increase visibility. Figure reproduced from reference 3.
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6.6 Summary
Building upon my preliminary work Sc, Ti, V, Mn, and Co doped α-alumina was studied using first-
principles computational modeling to elucidate the origin of spin delocalization which may lead to volu-
metric magnetic activity in a diamagnetic ceramic. The structural results of this work are in agreement with
available literature and thus reinforce the conclusions of our previous study that TM doping of alumina only
has a minor effect on the lattice parameters and structural distortions are localized near the dopant via a uni-
form increase of the TM-O bond lengths, suggesting weaker TM-O bonds and increased TM mobility. The
defect formation energy increases from Sc to Cu, but remains lower than that of an Al vacancy suggesting
better long term stability. It is also linked with the underlying electronic structure as the energetic plateau
coincides with the unique orbital loading of Fe and Co doped α-alumina and their reduced spin polarization
of the valence band.
A careful analysis indicates conclusively that for a doped system to contain a non-trivial delocalized
spin density, unpaired electrons must occupy the higher energy eg states. This is because, although both the
t2g and eg states hybridize with the oxygen p states and delocalize, any significant contribution to the spin
density from the lower t2g is canceled out by spin polarization of the valence band. As such, for any system
to posses a delocalized spin density, it is a necessary requirement that the unpaired electrons occupy states
that cannot be compensated by spin polarization For TM doped α-alumina these are the eg levels. In other
materials these states may be different, but can be found by following the general principles and procedures
outlined in this dissertation.
Of all the dopants considered, Mn and Cu doping are the most promising for increasing the coupling
of α-alumina with a magnetic field, depending on whether the total magnetic moment (Mn) or the magnetic
moment distribution (Cu) is more important. However, if future research confirms that a wide magnetic
moment distribution is beneficial to alumina’s ability to couple with an external magnetic field, then Al
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vacancies are uniquely positioned as they are intrinsic, equilibrium, defects that produce highly delocal-
ized magnetic moments and their concentration can be altered through irradiation. In addition, excess Al
vacancies can be removed via annealing or other heat treatments.
Chapter 7
Dopant Segregation in α-Alumina Slabs
It is now clear that TM doping of alumina could lead to bulk magnetism that would enable the usage of
cutting edge technology, such as magnetoforming, to create advanced systems that take advantage of the
high chemical and physical resilience of alumina. However, my preliminary work brought into question
the long term stability of such systems. The metastable phases of alumina transformation irreversibly to
the stable α-phase between 1000◦C and 1200◦C, which has a melting point in excess of 2000◦C.[78] Due
to these elevated temperatures, when forming doped α-alumina from doped metastable precursors, or when
sintering doped alumina powder, the dopants may undergo significant diffusion. It has been shown that, in
some phases, the catalytic activity of doped alumina degrades rapidly because the dopant segregates into
the bulk and becomes inactive.[79] Accordingly, this chapter reports the energetic and magnetic properties
of transition metal doped α-alumina slabs and investigates the tendency of 3d transition metal dopants to
segregate to the surface or diffuse into the bulk of α-alumina. The manuscript for the results presented in
this chapter is in preparation.[25]
7.1 Relative Defect Formation Energy
Figure 7.1 shows the RDFE for all dopants, along with individual plots for Fe, Co, and Cu. In addition to the
RDFE for each doping site in the slab, the difference between the actual periodic bulk EDef(Bulk) and the





Fig. 7.1: Plots of the relative defect formation energy for the doped α-alumina slab. The relative defect for-
mation energy is shown on the y-axis and the doping site is listed on the x-axis, which corresponds
to the substitutional doping sites shown in figure 2.2. The relative defect formation energy for the
deepest bulk like doping site of the slab has been set to zero. Energies above zero are less stable
than bulk-like doping, while energies below zero are more stable. The "Bulk" column shows the
discrepancy between the defect formation energy calculated from a periodic bulk super cell and
bulk-like doping of the infinite slab model. The data points are connected by straight lines for
visual purposes only. Subplot (a) shows the relative defect formation energy for all of the dopants.
Subplot (b) shows the relative defect formation energy for Cu doping and labels the pseudo force,
barrier energy (EB), and segregation energy (ESeg) for Cu. Subplots (c) and (d) show the relative
defect formation energy for Fe and Co doping of the α-alumina slab, respectively.
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DFE (eV) Sc Ti V Cr Mn Fe Co Ni Cu
Bulk -1.19 -0.41 0.70 2.17 3.62 3.82 3.66 4.94 7.06
Bulk-Like -1.39 -0.58 0.58 2.09 3.45 3.79 3.64 4.86 6.95
Difference 0.20 0.17 0.13 0.08 0.17 0.03 0.01 0.08 0.11
(a) Defect Formation Energy (eV)
RDFE (eV) Sc Ti V Cr Mn Fe Co Ni Cu
1 (Surface) -0.30 -0.93 -0.26 0.12 -0.33 -0.96 -0.30 -0.16 -0.50
2 0.84 0.16 0.43 0.31 0.45 0.01 -0.11 0.12 0.33
3 0.12 -0.03 -0.07 -0.01 0.09 -0.06 0.00 0.08 0.16
4 0.34 0.07 0.15 0.04 0.14 0.01 -0.10 -0.01 0.05
5 (Bulk-Like) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Segregation Energy (eV) -0.30 -0.93 -0.26 0.12 -0.33 -0.96 -0.30 -0.16 -0.50
Energy Barrier (eV) 0.84 0.16 0.43 0.31 0.45 0.01 0.00 0.12 0.33
Pseudo-Force (eV/Layer) -0.23 -0.04 -0.11 -0.09 -0.13 0.00 0.02 -0.05 -0.11
(b) Relative Defect Formation Energy (eV)
Table 7.1: (a) The defect formation energy as predicted by a periodic bulk cell and from the deepest bulk-
like layer of a periodic slab, along with the energy difference. (b) The relative defect formation
energy, segregation energy, barrier energy, and pseudo-force for each dopant when doped at
various depths in a α-alumina slab.
are to an actual bulk system. All of the bulk-like defect formation energies under estimate the actual bulk
defect formation energy, but the worst disagreement is only 0.1 eV. The energy metrics discussed in section
2.2.5 are labeled in figure 7.1b and the numerical values for each dopant are listed in table 7.1.
All of the dopants examined except for Cr have a negative segregation energy. This means that,
excluding Cr, it is energetically favorable for the dopants to be doped into the surface, as opposed to the
bulk. For any of these dopants, in the thermodynamic limit (high temperature) a majority of the TM atoms
will remain in the surface layer. Cr however only has to over come a small energy barrier to diffuse inward
(EB – ESeg) and then is subject to a positive pseudo-force (PF). Accordingly, Cr is prone to diffusion into the
bulk of α-alumina in the thermodynamic limit.
All of the dopants except for Fe and Co have negative (inward) PFs, suggesting they are metastable
on the surface. Below the thermodynamic limit (low temperature) the behavior of these metastable dopants
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will depend on where they are initially introduced into the slab. If introduced into the surface layer, they
will most likely remain on the surface due to the large energy barriers they would have to over come in
order to diffuse into the bulk. If originally introduced into the bulk it is likely they will remain there, or
diffuse further into the bulk, when heat treated at low temperatures due to their negative PFs. Fe and Co
however have positive PFs close to zero suggesting more of a random walk behavior in the bulk at low
temperatures. When this is combined with their negative segregation energies, it is likely that they will
remain on, or segregate to, the surface even at low temperatures. For metastable dopants, the transition
temperature between the low temperature regime and the high temperature (thermodynamic limit) regime
will be a function of the energy barrier the dopants need to overcome when diffusing from the bulk to the
surface (EB) or vice-versa (EB – ESeg).
Chapter 8
Conclusion
Judicious doping of normally diamagnetic alumina (Al2O3) could lead to bulk magnetism that would enable
the usage of cutting edge technology, such as magnetoforming, to create advanced systems that take advan-
tage of the high chemical and physical resilience of alumina. This study elucidates the magnetic properties
of period four 3d transition metal doped α and θ-alumina. Density functional theory was used to predict
the structural, electronic, and magnetic properties of doped alumina, as well as its long term stability by
investigating the tendency of dopants to segregate to and from the surface.
My findings show that the dopant species and coordination environment are the most important fac-
tors in determining the spin density distribution and net magnetic moment, which will strongly direct the
ability of the doped alumina to couple with an external field. Similar coordination environments in different
phases produce similar spin densities and magnetic moments, indicating that the results presented in this
work may be generalizable to the other five or more phases of alumina not studied here.
When it comes to dopant selection it is important to decide if the desired affect it to induce the
largest magnetic moment or the most delocalized spin density. It is shown conclusively that significant
spin delocalization can only occur in α-alumina when there are unpaired electrons in the transition metal eg
states. Luckily, future research will have plenty of dopants to choose from as it is shown that most dopants
are at least metastable when doped into the bulk of α-alumina.
The methods demonstrated in this work are not materials specific. As such, this work serves as a
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template for determining promising dopants that may induce magnetism in other diamagnetic ceramics.
Such doping may aid in the creation of an advanced, high strength, chemically resistant, dilute magnetic
semiconductor oxides for use in advanced systems for spintronics or magnetic qubit systems, and decrease
the difficulty of magnetoforming the gain structure of such diamagnetic ceramics.
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